' The abbreviations used are: RuBP, ribulose -1,5-bisphosphate; 2-CABP, 2-carboxyarabinitol 1,5-bisphosphate; RuBP-carboxylase, ribulose-1,5-bisphosphate carboxylase/oxygenase; F,, observed structure factor amplitude; F,, calculated structure factor amplitude. pathway, photorespiration. Here, the addition of 0, instead of CO, to RuBP yields one molecule of 3-phosphoglycerate and one molecule of phosphoglycolate. The latter is metabolized in the glycolate pathway to eventually producing COz and energy, which is dissipated as heat. This pathway reduces the net efficiency of photosynthesis by up to 50%. Under certain conditions photosynthetic efficiency and consequently crop yield is limited due to the activity of this single enzyme. The genetic redesign of the RuBP carboxylase with the aim to improve the carboxylation/oxygenation ratio and possibly increase agricultural crop production has thus attracted a lot of interest.
In higher plants, the enzyme consists of eight large (L) and eight small (S) subunits, arranged in an L8S8 complex (for a review see Andrews and Lorimer, 1987) . The L-subunit carries the catalytic function. The photosynthetic bacterium Rhodospirillum rubrum possesses a RuBP-carboxylase which completely lacks the small subunits and consists of only two Lsubunits (Tabita and McFadden, 1974) . The three-dimensional structures for both L, (Schneider et al., 1986a (Schneider et al., , 1990a and LESS (Chapman et al., 1987 (Chapman et al., , 1988 Anderson et al., 1989 , Knight et al., 1989 , 1990 ) RuBP-carboxylase have been determined with crystallographic methods. The L-subunits are highly similar in structure (Schneider et al., 1990b) and consist of two domains. The active site is located at the carboxyl side of the @-strands of the @/a barrel in the COOH-terminal domain at the interface between two subunits. Residues from the NH,-terminal domain of one subunit cover the carboxylend of the p / a barrel from the second subunit (Schneider et al., 1986a; Larimer et al., 1987; Lee et al., 1987) . A requirement for the conserved residue Glu-48 from the NH,-terminal domain for catalytic function has been implicated from sitedirected mutagenesis studies (Hartman et al., 1987a) . Crystallographic studies have revealed that Asn-111 is involved in metal binding2 and substrate binding (Anderson et al., 1989; Knight et al., 1990) .
The L, and LESE type RuBP-carboxylases have to be activated in order to become catalytically competent. This process consists of the reaction of a CO, molecule (not the substrate CO,) with the t-amino group of a conserved lysine residue at the active site forming a carbamate . Subsequent binding of a Mgz+ ion which then is coordinated to the carbamate and the sidechain of Asp-193 and Glu-194 (Andersson et al., 1989) completes the formation of the activated ternary complex.
The biochemistry of the carboxylation reaction has been studied in great detail (see Andrews and Lorimer, 1987) . The overall reaction can be dissected into a series of events, which consist of enolization, carboxylation, hydration, C-C bond cleavage and protonation (Fig. 1) . The understanding of these T. Lundqvist and G . Schneider, unpublished results.
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catalytic events in structural terms and the identification of important residues and their function during these different steps require as many still pictures along the reaction pathway as possible. Recent crystallographic studies have focused on the nonactivated state of RuBP-carboxylase both without (Schneider et al., 1986a (Schneider et al., , 1990a ) and with bound inhibitor or product Schneider, 1989a, 1989b) , the activated ternary complex2 and the quaternary complex of the spinach enzyme with a bound analogue to a reaction intermediate, 2-CABP (Anderson et al., 1989; Knight et al., 1990) . The structural studies of the activated enzyme species represent states either before any substrate has bound or after the carboxylation/oxygenation event has occurred. Activated crystals of RuBP-carboxylase from R. rubrum do not catalyze the overall carboxylation r e a~t i o n .~ Therefore, they offer the possibility to study the binding of substrate, RuBP, to the enzyme with conventional protein crystallographic methods. In the following, we describe the crystal structure of activated RuBP-carboxylase from R. rubrum with bound substrate, RuBP. This complex represents a state of the enzyme where one of the substrates is bound but the "decision" whether to carboxylate or to oxygenate has yet to be made. Based upon the structure of this complex, we discuss possible mechanisms for the enolization reaction and some aspects of the carboxylation event and the subseqent hydration step.
MATERIALS AND METHODS
Recombinant RuBP-carboxylase from R. rubrum (Sommerville and Somrnerville, 1984; Pierce and Gutteridge, 1985) was crystallized under nonactivating conditions as described in Schneider et al. (1986) ). The crxstals are mcyoclinic, P21, with cell dimensions a = 65.5 A, b = 70.6 A, c = 104.1 A, and p = 92.1". Crystals were activated by dialysis against a buffer solution at pH 8.1, containing 50 mM MgC12 and 25 mM NaHC03 for 24 h. The activation buffer contained 50% 2-methyl-2,4-pentanediol to prevent the crystals from dissolving. After dialysis against activation buffer, RuBP was added to a concentration of 30 mM and crystals left for 12 h at +4" C before data collection.
Diffraction data to a resolution of 2.6 A were collected on a Nicolet Xentronics area detector (Durbin et al., 1986) using software described by Blum et al. (1987) . Data handling and data processing were done with the program PROTEIN (Steigemann, 1974) . A data set consisting of 47,847 measurements was collected from one crystal and was reduced to 25,502 unique reflections giving an internal R-merge of 8.3%, comprising 82% of the the unique reflections to 2.6 8, resolution (Fig. 2) . Electron density maps with coefficients IF,,[ -1 F, 1 and 2 IF, I -IF, I were computed. The phase angles used initially were derived from a model of the native deactivated protein, which had a crystallographic R factor ( R = (EIF,, -F c~/~~F o~) X 100) of 18.0% at 1.7-A resolution (Schneider et al., 1990a ). An Evans and Sutherland PS330 running FRODO (Jones 1978 (Jones , 1982 was used to graphically inspect the model and manually correct errors.
:' Redissolved enzyme crystals are as active as the native enzyme. the program XPLOR (Briinger et al., 1987) . A molecular dynamic The initial native model was refined by simulated annealing using simulation was run for 0.75 ps at 2000 K using a time step of 0.5 fs. The temperature was raised to 4000 K and the structure subsequently slowly cooled to 300 K using a 25 K temperature drop every 50 dynamics steps of 0.5 fs. Subsequent energy minimization and refinement of atomic temperature factors gave an R value of 19.9% for all using least squares methods with the FFT version of PROLSQ reflections between 10. and 2.6 A. Final refinement was achieved (Konnert and Hendrickson, 1980) contained within the CCP4 program package (Daresbury, Great Britain). After 50 cycles of refinement, the mo4el had an R factor of 21.8% using all reflections between 6.0 and 2.6 A. The higher R value obtained after the PROLSQ refinement is partly due to the fact that the refinement with XPLOR minimized the R factor at the expense of reasonable stereochemistry. The model has good stereochemistry as iqdicated by the root mean square deviation for bond lengths of 0.017 A and 2.6" for bond angles.
L-subunits of the spinach RuBP-carboxylase was done by least Superposition of the two subunits of the R. rubrum enzyme and the squares methods using the program 0 (Jones et al., 1990) . Atomic coordinates have been deposited with the Protein Data Bank, Brookhaven (entry 9RUB).
RESULTS
The crystals of RuBP-carboxylase used in this study are monoclinic and contain a dimer in the asymmetric unit. The crystallographic analysis therefore yields independent results for both subunits. Unless otherwise stated, the results presented below are valid for both subunit^.^ The two subunits have been labeled A and B, respectively. These labels refer to the chain identifiers which have been used in the atomic coordinate file, deposited with the Protein Data Bank.
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Overall Structure-Out of a total of 466 amino acids of the subunit, the model consists of a continous chain of 459 residues, with defined electron density from residues 2 to 460 of the polypeptide chain. The last 6 residues are disordered and not defined in the electron density map. Most amino acid positions in the model of the quaternary complex enzyme-C02-M8+-RuBP are identical to those of the model of the nonactivated enzyme within the error limits of the electron density maps. Two parts of each polypeptide chain which are disordered in the nonactivated enzyme (Schneider et al., 1986a (Schneider et al., , 1990a show defined electron density in the complex. One such region comprises residues 54-63 in the NH2-terminal domain. These residues form a loop which partly covers the active site. The second part of the polypeptide chain which is flexible in the nonactivated R. rubrum enzyme structure is loop 6 of the B/a! barrel domain, comprising residues 324-335. This loop, which contains the conserved Lys-329 which is essential for catalytic activity (Soper et aL, 1988) , extends away from the active site and is in contact with an adjacent molecule in the crystal lattice. This crystal contact involves the side chain of Lys-329 which interacts with the side chains of Glu-245 and Glu-249 from a symmetry related molecule. The higher pH of the mother liquor of the enzyme-C02-M8+-RuBP crystals (7.6) as compared with the low pH (5.6) in the case of the nonactivated enzyme probably facilitates the formation of this salt link, which locks loop 6 into a defined conformation.
Activator Site-Well defined electron density was found at the position of the bound activator -COz and the M$+ ion (Fig. 3) . Both oxygen atoms of the carbamate, formed by the reaction of the e-NH2 group of Lys-191 and a CO, molecule are within the first coordination sphere of the metal ion. Other ligands to the metal ion are provided by the side chain of Asp-193 and substrate oxygen atoms (Table I and Fig. 4) . The side chains of Glu-194 and Asn-111, which have been identified as ligands to the M$+ ion in the activated ternary complex enzyme-C02-Mc,2 are further away from the metal ion in the quaternary complex. Glu-194 interacts with the side chain of Lys-168 and a water molecule. The side chain of Asn-111 is involved in substrate binding (see below). At the present resolution of the electron density maps, we cannot establish the precise coordination geometry of the metal ion, but in the refined model, we find five oxygen atoms at a distance less than 2.7 A (Table I) . No nitrogen atom is observed within the first coordination shell. This has also been inferred from epr studies of Co2+-and Cu"-substituted RuBP-carboxylase (Styring and Briinden, 1985) . From these measurements, it was concluded that in the quaternary complex of the activated enzyme with substrate, only oxygen atoms are close to the metal ion.
Substrate Binding--After the initial XPLOR refinement the metal ion, the carbamylated lysine 191 and the bound substrate molecule were built into the residual difference electron density and included in the refinement. Fig. 3 shows parts of the final 2 IFoI -lFcl electron density map with the model of the bound substrate superimposed. At the present state of resolution and refinement, the only difference observed between the two crystallographically independent subunits is a break in the electron density between carbon 1 and 2 of the substrate molecule in the B-subunit. There is however clear nonambigous density for the metal and the carbamate also in the B-subunit. Since no catalytic activity could be observed in the activated crystals' it seems unlikely that the break in density could be explained by the enzyme turning over the substrate. Differences in the electron density in the two subunits are more likely due to the limited resolution or reflect different occupancies of the substrate in the two active sites.
The substrate molecule binds in a bent fashion at the active site, located at the carboxyl end of the 8-strands of the 8/a barrel. At the present resolution of the electron density maps, it is not possible to unambiguously deduce the orientation of the substrate at the active site. Three assumptions, based on biochemical evidence were made when modeling the substrate into its electron density. -191 (carbamylated) complex was possible. The model presented here is also compatible with biochemical observations. Borohydride has been shown to exclusively attack the Si face of the carbonyl group of RuBP when bound to the activated enzyme ). In our model the Si face is exposed to solvent while the Re face is hidden by the metal.
2) Furthermore, in the process of modelbuilding and refinement of the quaternary complex, RuBP has been assumed to be in the keto form. Despite the crystals inability to catalyze the overall reaction, they might be able to catalyze the enolization reaction. However, at the present resolution of the electron density map, we are not able to establish the definite tautomer of RuBP bound at the active site. No information is available as to the equilibrium between the keto and enediol form of RuBP on the enzyme. During steady state, about 6-7% of the substrate molecules have been estimated to be in the enediol form (Jaworowski et al., 1984) . We assume therefore that the majority of the bound RuBP molecules are in the keto-form. One must, however, be aware of the possibility that the equilibrium between the keto and the enediol form of the substrate on the enzyme is different from the steadystate concentrations. Mutants, which are deficient in overall carboxylase and oxygenase activity, but can catalyze the enolization reaction (Hartman and Lee, 1989 ) might help to settle this question.
3) At the present resolution of the electron density maps, we cannot deduce the relative orientation of the C3 hydroxyl group with respect to the C2 oxygen. It is possible to fit the RuBP molecule in its electron density either way, the C3 hydroxyl being ligand to the metal ion or pointing away from it. The former orientation will, after abstraction of the C3-proton, result in the formation of the cis-enediol, the latter gives the trans-enediol. In the following, the two conformations of the substrate will be distinguished by the prefix of the resulting enediol, "cis" or "trans."
Given these constraints, the following picture of the bound substrate at the active site of RuBP-carboxylase emerges: the two phosphate groups bind at the same phosphate binding sites as found in the complex of the reaction intermediate analogue, 2-CABP, with activated spinach enzyme (Andersson et al., 1989). The P1 phosphate group interacts with the main chain nitrogens of Gly-369 of loop 7 and Gly-393, located at the N terminus of a short helix in loop 8 of the B/a barrel. The second phosphate binding site is located at the opposite side of the barrel and the phosphate group interacts with the main chain N of Gly-322 and the side chains of Arg-288, His-321, and ser-368. Two oxygen atoms of the substrate are close to the metal ion, the C2 oxygen and the 0 3 or 0 4 hydroxyl group, depending on whether the conformation of RuBP is cis or trans. Two of the substrate atoms make contact to protein atoms through well defined water molecules. The C2 oxygen is linked to the side chains of Lys-166 and Glu-194 through a solvent molecule and the 0 4 hydroxyl group is also hydrogen bonded to a solvent molecule which in turn forms a hydrogen bond to the side chain of His-321. All polar interactions of the bound substrate at the active site of RuBPcarboxylase are summarized in Table I1 and a schematic view of the bound substrate is given in Fig. 4 .
Comparison with LS8-type RuBP-carboxylases-A comparison of the active sites of the RuBP-carboxylases from R. rubrum with bound RuBP and from spinach with bound 2-CABP (Anderson et al., 1989) was made. The latter complex simulates a later step in the carboxylation reaction, after the carboxylation event has occurred. One major difference in the two structures is the different conformation of loop 6 of the @/a barrel. In the spinach enzyme, this loop has folded back across the active site and completely covers the bound 2-CABP (Fig. 5) , whereas in the complex with RuBP, this loop is held in an open conformation by crystal packing forces. Despite the artefacts due to crystal packing, one would expect this loop to have different conformation in the two structures. 
Substrate Binding to Ribulose Bisphosphute Carboxylase
Since the second substrate, either COZ or 02, has yet to reach the active site, this loop cannot be closed completely in the complex with RuBP. Other differences at the active site involve the different conformations of loop 7 and 8 of the / 3/ a barrel in the two enzyme species, which have been described in more detail elsewhere (Schneider et al., 1990b) . Because of these differences, the P1 binding site is shifted in the R.
rubrum enzyme as compared with the LsSs-type spinach carboxylase. The atoms of the carbamate, the metal ion, and the other atoms of the substrate superimpose quite well (within 2 A), when the two C-terminal domains are aligned (Fig. 6 ).
DISCUSSION
One immediate question which arises is the cause of the lack of catalytic activity of the crystals of RuBP-cakboxylase from R. rubrum. Crystallographic studies (Schneider et al., 1986a; Chapman et al., 1987 have shown the importance of the movement of loop 6 of the S/a barrel. In the nonactivated crystals from R. rubrum and tobacco, this loop is either disordered or points away from the active site. In the structure of the quaternary complex of activated spinach RuBP-carboxylase with the inhibitor 2-CABP, which simulates a state of the enzyme after the carboxylation event has occurred, loop 6 has folded back over the active site and completely closes off the active site from solvent (Fig. 7) . The bound reaction intermediate analogue is buried and not accessible from the "outside world" (Fig. 5) . A similarly loop movement during catalysis has been observed in triose phosphate isomerase (Alber et al., 1981) . The conserved residue Lys-329, which has been shown to be essential for catalysis (Soper et al., 1988) , is located on this flexible loop. In the spinach RuBP-carboxylase structure, the side chain of this residue interacts with the 2-carboxyl group of 2-CABP, which simulates the CO, after its attack on RuBP. It has been suggested that Lys-329 is important for the stabilization of one of the reaction intermediates (Soper et al., 1988) . In the crystals of the quaternary complex of the R. rubrum enzyme with RuBP, loop 6 points away from the active site and is involved in a crystal contact. Crystal contacts seem therefore to lock loop 6 in the open conformation and freeze one of the enzyme states.
The enolization reaction, that is the formation of the enediol of RuBP on the enzyme is generally accepted as the first step in catalysis. There is, however, some conflicting evidence as to the mechanism of this partial reaction and the enzyme groups involved. A model has been proposed (Hartman et al., 198713; Lorimer and Hartman, 1988) , based on a base-catalyzed mechanism where the C2 oxygen of RuBP is close to the metal ion, which polarizes the C2-oxygen bond. This increases the acidity of the C3 proton which is abstracted by a basic group on the enzyme (Fig. 8A) . Site-directed mutagenesis and the biochemical analysis of the mutants have suggested Lys-166 to be the base which initiates catalysis by the abstraction of the C3 proton (Hartman et al., 1987b; Lorimer and Hartman, 1988) . Mutants at this position abolish the enzymes capability to catalyze the enolization reaction. The low apparent pK, , (approximately 7.9) of Lys-166 (Hartman et aL, 1985) seems to support such a function for this residue.
Conflicting evidence comes from crystallographic studies, initially from the analysis of the refined crystal structure of the quaternary complex of the activated spinach RuBP carboxylase with an analogue of a reaction intermediate (Knight 5t al., 1990) . In this structure, the side chain of Lys-166 is 6 A away from the C3 carbon atom and model building without changing the course of the main chain does not bring this side chain closer to the C3 atom of 2-CABP. A similar situation is observed in the quaternary complex of the R. rubrum enzy5e with substrate. Here, the t-amino group of Lys-166 is 7 A away from the C3 carbon atom and modelbuilding experiments can not bring this group closer than 5 A. The Lys side chain is, however, only 4.6 Aofrom the C2 oxygen and can easily be brought to within 3 A distance. A more likely candidate for the initial proton abstraction, based on structural grounds, would be the side chains of Lys-168 or Lys-329. However, both Lys-168 and Lys-329 do not seem to be essential for the enolization, since mutants a t these positions are able to catalyze the formation of the enediol, albeit at lower rates than the wild-type enzyme (Hartman and Lee, 1989; Mural et al., 1990) .
Since we cannot establish the definite conformation of RuBP with regard to the cis or trans position of the 03 hydroxyl group due to the limited resolution of the electron density maps, both models and their mechanistic implications have to be discussed separately.
In the cis conformation, the C3 hydroxyl group is liganded to the metal ion. There is, bowever, no candidate for an enzyme bound base within 5 A distance from the C3 carbon atom of the substrate, which might abstract the proton at that position. However, as a result of the bent conformation of the bound RuBP, one of the phosphate oxygens from the P1 phosphate group is within 4 A distance to the C3 atom. This phosphate group is accessible from bulk solvent which could make the observed fast exchange of the C3 proton with solvent possible. Thus we arrive at the following model for the enolization reaction (Fig. 8B) : RuBP is bound in a bent conformation at the active site. The two phosphate groups are almost in cis conformation in relation to the C2-C3 bond. The C2-oxygen is close to the Mgz+ ion and the t-amino group of Lys-166, which both polarize the CZ-oxygen bond. The side chain of Lys-166, acting as an acid, not as a base, might donate a proton to the C2-oxygen, thus stabilizing the hydroxyl group formed after enolization. The hydrogen at position C3 becomes more acidic and can be abstracted by an oxygen from the P1 phosphate group. Intramolecular proton , 1987b and B, intramolecular deprotonation, cis conformation of RuBP. The P1 phosphate group of the substrate abstracts the C3 proton. C , enzymic group abstracts the proton, trans conformation of RuBP. Possible candidates for the proton abstractor are His-287, Asn-111, and the carbamate. Ribulose Bisphosphate Carboxylase abstraction by a phosphate oxygen has been suggested in the nonenzymatic elimination and isomerisation reaction of triose phosphates (Richards, 1984) and in the action of aldolase (Periana et al., 1980) . A different situation arises if the C3 hydroxyl group is pointing away from the metal ion (Fig. 8C) . In this case, the C4 hydroxyl group is close to the Mg2+ ion and the C3 hydrogen points away from the P1 phosphate group. Now, we find the side chains of Asn-111, His-287, and ?ne of the carbamate oxygens within a distance less than 5 A from the C3 atom. Furthermore, a water molecule , whicb is hydrogen bonded to the His-321 side chain, is within 4 A distance to the C3 atom. In this conformation of RuBP, either enzymebound groups or an enzyme-bound water molecule could abstract the proton. Mutants where His-287 has been replaced by Asn or Lys, which to some extent may also be able to fulfill such a role, retain some activity (1 and 0.2%, respectively), whereas the replacement with Thr destroys the overall activity. The His-287-Thr mutant does not catalyze the enolization reaction . These results are consistent with His-287 being involved in the enolization reaction, but clearly, more experiments which address this question are necessary.
In solution, the 2,3-enediol of RuBP undergoes nonenymatic @-elimination of the P1 phosphate group (Paech et al., 1978; Jaworowski et al., 1984) . On the enzyme, this side reaction does not occur in detectable amounts. Stereoelectronic considerations (Deslongchamps et al., 1972) suggest that the enediol can be stabilized by having the C1 bridging oxygen in the plane defined by the enediol. In this way, the orbital overlap between the enediol 7r system and the C-0 bond that links the phosphate group is minimized. From the conformation of the substrate observed in the quaternary complex one can predict that in the enediol, the P1 phosphate group would indeed be very close to the plane defined by the enediol. A similar argument has been used to explain the stability of the enediol intermediate in the reaction catalyzed by triose-phosphate isomerase (Rose, 1981) .
Lorimer and co-workers have suggested a mechanism for the carboxylation step involving general acidbase catalysis. In this mechanism, a water molecule or hydroxide ion stereospecifically hydrates the carboxylated intermediate 3-keto-2-carboxyarabinitol-1,5-bisphosphate (the C3 oxygen is retained during the overall reaction). More recently, Cleland (1990) has suggested a mechanism, where carboxylation and hydration occur in a concerted reaction. Both mechanism assume that a water molecule is able to react with the C3 atom of the substrate. The crystallographic analysis of the structure of the enzyme-C02-MgZ+-CABP complex revealed that the active site is completely closed off from bulk solvent after the carboxylation step (Fig. 5) . How then is water (or a hydroxyl ion) able to stereospecifically attack at the C3 position to form the gem-diol? In the substrate complex, we observe a bound solvent molecule close (3.8 A) to the C3 atom of the substrate. This water molecule, hydrogen-bonded to the 0 3 oxygen of the substrate and NE2 of the His-321 side chain, is trapped at the active site by the substrate, which shields it from bulk solvent and seems to be in a suitable position to attack the C3 atom. Stereospecificity is ensured by shielding all other possible directions of attack through protein atoms.
